Introduction
It is well documented that the morphology of the patella and the femoral trochlea determines patellofemoral tracking and joint kinematics [2] . Anatomical variants, instability or
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Purpose The purpose of this study was to investigate whether there was a relationship between femoral neck antetorsion and the presence and pattern of osteoarthritis of the patellofemoral joint. It was hypothesized that an increased femoral neck antetorsion (1) correlates with osteoarthritic changes of the lateral facet of the patellofemoral joint and (2) correlates with an increased lateral trochlear height and a decreased sulcus angle. Methods Seventy-eight formalin-embedded cadaveric lower extremities from thirty-nine subjects with a median age of 74 years (range 60-88) were used. Surrounding soft tissues of the lower limb were removed. The femoral neck antetorsion was measured and referenced to the transepicondylar axis and the posterior condylar line. The height of the medial and lateral facet of the trochlea and the sulcus angle was measured. The location and the degree of patellofemoral cartilage degeneration were recorded. A Pearson's correlation analysis was performed to correlate the femoral neck antetorsion with the measured knee parameters. 1 3 incongruence of the patellofemoral joint have been shown to result in pathological patellofemoral stress patterns and have been described to predispose to patellofemoral cartilage degeneration [11, 23] . An isolated patellofemoral osteoarthritis can be found in 13.6-24 % of women and in 11-15.4 % of men older than 55 and 60 years, respectively [7, 15] . This entity can be the result of malalignment, trochlear or patellar dysplasia, instability, trauma, inflammatory arthritis or obesity [11] . Although pathologic patellofemoral tracking is one of the major causes of anterior knee pain, the underlying pathology has not yet been understood sufficiently.
Besides other clinical findings, internal rotational malalignment of the patellofemoral joint combined with increased femoral neck antetorsion may be found in patients with anterior knee pain. Although there are numerous studies which document that an increased femoral antetorsion may predispose to osteoarthritis of the hip joint [25, 26, 32] , there are only few studies investigating the influence of femoral neck antetorsion on the presence of osteoarthritis of the patellofemoral joint. Previous studies indicated that there is no relationship between the axial plane changes of the hip joint and primary osteoarthritis of the knee [9, 12] . However, it has been suggested that the posterior inclination of the lateral tibial slope is clearly related to the development of cartilage degeneration of the medial facet of the patella [17] .
Since the extensor mechanism of the knee originates from the anterior inferior iliac spine and inserts to the tibial tubercle, femoral internal rotation may affect patellofemoral joint kinematics. In consequence, increased femoral antetorsion and increased femoral internal rotation may lead to increased stress loading of the lateral facet of the patellofemoral joint or raise increased strains to the medial patellar retinaculum [19, 30] . During skeletal growth, these stress patterns may have led to morphological adaptations, such as an increased height of the lateral trochlear facet or a decreased sulcus angle. It is assumed that for the compensation of an increased femoral antetorsion, which actually leads to an in-toeing, the tibia has to be rotated. In a biomechanical study, Lee et al. [20] found out that increased external tibial rotation resulted in increased pressure on the lateral patellar facet. Cooke et al. [5] stated that patients with chronic patellofemoral symptoms had significant increased external tibial torsion compared to asymptomatic patients. Stress loading on the lateral facet of the patellofemoral joint will arise ( Fig. 1a, b ). Based on these assumptions, the aim of the present study was to proof the hypothesis that increased femoral neck antetorsion correlates with (1) osteoarthritic changes of the lateral facet of the patellofemoral joint and (2) correlates with an increased lateral trochlear height and a decreased sulcus angle.
Materials and methods
Seventy-eight human cadaveric lower extremities from 31 male and 47 female donors with a median age of 74 years (range 60-88) were used in this study. All body donors consented in writing during their lifetime to the use of their body for research and education. The study was approved by the ethic committee (number . Standard a.p. and lateral radiographs were obtained to exclude specimens with post-traumatic abnormalities or replacement surgery of the hip or knee joint. The lower extremities were exarticulated at the hip joint, and any surrounding soft tissues were removed. All measurements were taken once by an experienced knee surgeon. The centre of the femoral head and the femoral neck was determined by placing circle templates of various sizes on the anatomical structures and by marking the resulting centre. Femoral antetorsion was then measured with a digital goniometer by connecting the determined points on the femoral head and neck and referencing those to the table surface, while the posterior femoral condyles were seated flat on the table surface. Femoral antetorsion (posterior condyles) was defined as the angle between the axis of the femoral neck and the posterior femoral condylar line (Fig. 2) . After identification of the medial and lateral femoral epicondyle, a K-wire was inserted and measurement of the femoral antetorsion was repeated with reference to the transepicondylar axis. The femoral antetorsion (transepicondylar) was defined as the angle between a transverse line that runs through the epicondylar axis and a line running through the centre of the femoral head and through the mid-point of the narrowest segment of the femoral neck [6] . The lateral facet of the trochlea femoris was measured with a digital calliper at its maximum height with reference to the posterior femoral condyle. In addition, the sulcus angle was determined using a digital goniometer. The area of degenerative cartilage changes of the lateral and medial trochlea and the lateral and medial facet of the patella was traced, copied to scaled transparency films and scanned for digital processing. The degree of cartilage damage was determined within the traced areas using the Outerbridge classification [24] .
Statistical analysis
Normal distribution of the data was validated using the Kolmogorov-Smirmov procedure. Statistically, significant differences between degree of cartilage degeneration, femoral antetorsion, lateral trochlea height and the sulcus angle were calculated using a one-way analysis of variance (ANOVA). With the numbers available, significance was set at p < 0.05. A Pearson's correlation analysis was used to analyse the correlation between cartilage damage of the lateral patellofemoral joint and the femoral antetorsion, the sulcus angle and the height of the lateral trochlea.
Results
Correlation analysis revealed that there was no significant correlation between the femoral antetorsion and the degree of cartilage degeneration of the lateral facet of the patellofemoral joint (n.s. to the posterior condyles, n.s. to the transepicondylar axis), the height of the lateral facet of the trochlea (n.s.) and the sulcus angle (n.s.) ( Table 1) . A strong correlation was found between the femoral antetorsion (posterior condyles) and the femoral antetorsion (transepicondylar) (r = 0.962). The femoral antetorsion (transepicondylar) averaged 8.5 (SD 7.2°, range −5° to 33°) and averaged 13.3 (SD 7.4°, range 1°-36°) when referenced to the posterior condyles. Although there was a wide deviation of femoral AT angles, no significant differences were found for gender (n.s.) or side (n.s.).
The mean height of the lateral trochlea facet was 66.4 mm (SD 4.8 mm). The lateral trochlea was not significantly higher when affected by cartilage degeneration grade 4 as compared to grades 1-3 (n.s.). Grade 1-3 cartilage lesions of the medial patellofemoral joint surface were predominantly found in subjects with grade 4 lesions of the lateral facet of the patellofemoral joint; however, there was a tendency of low-graded cartilage lesions of the lateral patellofemoral joint being associated with grade 4 lesions of the medial facet (Table 2; Fig. 3 ). Subgroup analyses of specimens with femoral antetorsion over 15° (n = 15) show no significant correlation between the femoral antetorsion and the degree of cartilage degeneration, the height of the lateral facet of the trochlea or the sulcus angle (n.s.).
Discussion
The most important finding of the present study is that within the present study population, there was no significant correlation between femoral neck antetorsion and cartilage damage of the lateral facet of the patellofemoral joint. Other factors than femoral neck antetorsion and subsequent femoral internal rotation may have influenced the degree of cartilage degeneration in this cadaveric study population.
Multiple individual anatomical variants of the patella and the patellofemoral joint are known, and several Fig. 1 a, b The upper drawing shows the situation of the lower leg in case of a normal femoral antetorsion: the patella is centred and the alignment of the leg is orientated to the second beam. The lower drawing indicates the situation with an increased femoral antetorsion. Consequently, the femur rotates inwards, without contralateral rota-tion of the tibia an in-toeing would occur. The drawings of the knee show the optimal position of the patella without any proximal or distal rotation and increased pressure on the patellofemoral joint (left). With internal femoral rotation and external rotation of the tibia, the pressure on the lateral facet of the patellofemoral joint could increase Fig. 2 Femoral antetorsion is the angle between the post-condylar axis of the femoral condyles and the neck of the femur on a plane perpendicular to the shaft axis conditions have been shown to correlate with patellofemoral maltracking and pathologic joint kinematics. Yang et al. [34] identified certain factors in the anatomy and in the amount of congruency of the patellofemoral joint predisposing to cartilage degeneration. In a cohort of 235 patients, 111 patients were identified with patellofemoral cartilage lesions and anterior knee pain, while 124 patients, who presented with an isolated meniscus tear, served as control group. The authors found out that four anatomical parameters of the patella, i.e. patella lateral facet width, patella lateral facet ratio, sulcus depth and sulcus relative depth, were significantly associated with patellofemoral cartilage degeneration [34] . However, they did not analyse the influence of femoral antetorsion on patellofemoral cartilage degeneration. Iriuchishima et al. [14] examined 203 cadaveric knees to determine the prevalence of osteoarthritis of the patellofemoral joint. Their results suggest that patellofemoral osteoarthritis occurred mainly in the medial facet, which is in contrast to the hypothesis of the present study that stress loading of the lateral facet of the patellofemoral joint occurs in patients with increased femoral neck antetorsion. However, it should be noted that their study included only Japanese body donors, and it is well known that a significant higher varus alignment exists in this population when compared with Caucasians [13] . Eckhoff et al. [9] were able to show that femoral antetorsion was associated with osteoarthritic changes of the hip joint and furthermore reported that decreased antetorsion was associated with osteoarthritic changes of the knee joint. Based on their findings, the authors suggested that there is more tolerance of the knee joint cartilage towards internal rotation (in-toeing) than to external rotation (outtoeing) of the lower limb. These findings were supported by Takai et al. [31] who found out that femoral antetorsion in patients with osteoarthritis of the medial knee compartment was lower when compared with patients with isolated osteoarthritis of the patellofemoral joint. Yildrim et al. [35] were able to show that more than 10° of external rotation deformity causes patellofemoral malalignment.
Earlier studies by Dejour and Allain [8] showed that dysplasia of the patellofemoral joint was highly correlated with patellofemoral osteoarthritis. Patients with hip dysplasia show an increased femoral antetorsion compared to patients without dysplasia of the hip. In conjunction with the dysplasia, the trace of patellar rotation on the femur is different and causes patella osteoarthritis. In addition, Jungmann et al. [16] pointed out that the trochlear morphology may be a potential risk factor for patellofemoral osteoarthritis. They concluded that a shallow trochlea was associated with a lower cartilage volume and with an increased incidence osteoarthritis of the patellofemoral joint. Still, their study was limited by the fact that all subjects suffered from knee osteoarthritis by the time of investigation so that patellofemoral cartilage degeneration might have been a secondary phenomenon. Aksahin et al. [1] analysed the kinematics of the patellofemoral joint in 39 patients with chronic anterior knee pain who concomitantly suffered from untreated developmental dislocation of the hip. This condition is known to be associated with increased femoral neck antetorsion. The authors did not find a correlation between femoral antetorsion and the sulcus angle, congruence angle, patellar tilt angle and lateral patellar displacement at any flexion angle of the knee.
Cartilage lesions of the patellofemoral joint are one of the major causes of anterior knee pain. There are various procedures available for the treatment of patellofemoral osteoarthritis [3, 18, 27, 28] . Partial lateral facetectomy is a widely accepted treatment option for pain reduction in patients with isolated patellofemoral osteoarthritis, given the condition of normal extensor mechanism alignment. Wetzles and Bellemans reviewed the results of 155 patients treated with lateral facetectomy at an average follow-up of 10.9 years. A satisfactory long-term outcome could be found in approximately one-half of the patients at 10-year follow-up [33] . These findings are supported by a long-term follow-up study by López-Franco et al. [22] . The study group reported that 66 % of their patients did not require total knee replacement 10 years after the lateral facetectomy. Lennox et al. [21] reported in a series of 84 patients that pain relief following patellectomy was achieved in 54 % of the patients with the muscle strength of the quadriceps femoris being reduced by 40 %. In contrast to degenerative cartilage damage, traumatic cartilage lesions of the patellofemoral joint following patella dislocation have been successfully treated by reconstruction of the medial patellofemoral ligament combined with simultaneous autologous chondrocyte implantation [4, 10, 29] . It has been shown that predictors of poor subjective outcome were aged above 30, obesity, amount of cartilage injury and female gender [10] . A correlation between outcome and femoral internal rotation was not investigated in these studies.
Currently, there is a lack of literature on the influence of femoral antetorsion on patellofemoral cartilage degeneration. This study confirms that within the subjects available, there is no correlation between the femoral antetorsion and the degree of patellofemoral cartilage degeneration. The results of this study are inherently limited by the facts that there were a small number of cadaveric specimens available and that the standard deviation of femoral antetorsion values was relatively low. Additionally, data of the specimens studied were normally distributed; therefore, not only specimens with an increased, but also specimens with a decreased femoral antetorsion were evaluated. The subgroup analyses showed no correlation between femoral antetorsion and patellofemoral cartilage damage, but the small number of cases should be kept in mind when interpreting these data. Outliers might have shown more clearly that in certain subject's cartilage degeneration of the lateral facet of the patellofemoral joint was associated with increased femoral antetorsion ( Fig. 4) .
Conclusion
This study could not document that the femoral neck antetorsion and subsequent internal rotation of the distal femur correlated with the degree of degeneration of the lateral facet of the patellofemoral joint. Clinically, femoral internal rotation may play a minor role in the development of lateral patellofemoral joint degeneration. Fig. 4 Rotational MRI of the right lower limb of a 14-year-old girl with an increased femoral antetorsion, presenting patella lateralization and in-toeing in the clinical examination. An internal rotation of the femur was compensated with a tibial external rotation. The MRI shows the malalignment of the patella with an increased load zone of the lateral facet of the patellofemoral joint
